Abstract
Introduction
Despi te considerable research efforts, the fabrication of long-lasting implantable biosensors for continuous glucose monitoring remains elusive. [1] [2] [3] [4] A number of investigators have employed the design of the Clark-type electrochemical sensor, 5 which is based on a sensing enzyme, and have developed working prototypes of miniaturized devices. [6] [7] [8] [9] Although these sensors have exhibited excellent characteristics, they are prone to long-term gradual degradation and loss of response in both in vitro and, more severely, in vivo applications. 10 Various mechanisms are associated with the failure of these sensors, among which calcification, 11 enzyme deactivation, 12 and electrode failure 13 are prevalent. In addition, biocompatibility issues originating from implantation-induced inflammation that triggers biofouling, tissue fibrosis, and sensor entombment contribute significantly to sensor failure. 14 Enzyme-based glucose sensors work on the principle of detection of hydrogen peroxide (H2O2) formed by the oxidation of glucose. The H2O2 is electrochemically oxidized under an applied potential of 0.7 V, and the current measured is related to the concentration of glucose in the system (see diagram in Figure 1 ). The semipermeable membrane, depicted in Figure 1 , along with assisting in the prevention of biofouling, should also regulate the diffusion of glucose. It is well known that for an enzyme-based implantable sensor to work at its optimum efficiency in the tissue, the ratio of oxygen, which regenerates the enzyme, to the permeating glucose has to remain constant. 15 Thus, in the absence of a diffusion-limiting barrier, the kinetics of the sensor reaction could become oxygen limited as the result of the large amount of glucose vs oxygen in the subcutaneous tissue. 15 This leads to saturation of the signal, and any further increase in glucose concentration does not translate to adequate sensitivity. 15 In addition, the surfeit of glucose leads to the overgeneration of H2O2, which, if not utilized or diffused out into the bulk, can lead to either enzyme degradation 16 or electrode saturation. 17 Thus, the requirement of a sensor for continuous monitoring of glucose over the entire physiological concentration with high sensitivity and short response time demands an outer membrane with tunable permeability properties.
Over the years, we as well as others have worked on developing biocompatible, semipermeable membranes to mitigate the plethora of failure modes of glucose sensors due to an inefficient outer membrane. [18] [19] [20] Nafion™ (an inert and oxidatively stable fluoropolymer, which has good mechanical properties and ionic permittivity) has been an initial material of choice as an outer coating for glucose sensors. 21 However, the presence of acidic sulfonate groups (R-SO 3 H) that coat the hydrophilic channels of Nafion act as nucleation sites for the dissolved Ca 2+ present in serum. This leads to the formation of calcium phosphate crystals that clog its pores and eventually crack this membrane, causing sensor failure. 11 It has been reported that spincoated Nafion films, preincubated with ferric chloride, could prolong membrane lifetime. 22 This is because of the stronger interaction of Fe 3+ with sulfonate groups, as compared to Ca 2+ , which reduces nucleation of calcium phosphate crystals and depresses the calcification process. Layer-by-layer (LBL) deposition of conformal thin films is an inexpensive and efficient tool for growing multicomponent molecular architectures that overcomes the problems associated with other film-growth methods. 23 By applying the simplistic, yet versatile approach of LBL assembly, our group has grown conformal thin Nafion/Fe 3+ films by alternately dipping substrates into dilute solutions of Nafion and FeCl3, respectively. 18 It was observed that by carefully controlling the pH and ionic strength of the solutions, a uniform and timely film growth could be achieved. Moreover, this led to an order of magnitude reduction in calcification in these self-assembled membranes, as compared to spin-coated Nafion films.
The hydrophobic micellar interior of Nafion within Nafion/ Fe 3+ LBL assemblies inhibits the permeation of hydrophilic moieties, leading to low sugar diffusion. 18 This led us to investigate more hydrophilic polyelectrolyte humic acids (HAs) (naturally occurring biopolymers) that, when assembled with FeCl3, provided the required degree of glucose permeability. 19, 24 A LBL self-assembly was performed using dilute solutions of HAs and Fe 3+ cations. As with Nafion assembly, a thick and uniform film was obtained by adjusting the pH of the HAs solution. Moreover, in vivo results indicated that HAs/Fe 3+ coatings were biocompatible, with reduced tissue fibrosis (as compared to the uncoated control samples) following implantation. 19, 20 In the present contribution, application of the aforementioned LBL technique to grow the semipermeable coating of the glucose sensors is discussed with an emphasis on introducing a flux-limiting membrane as a tunable barrier for the diffusion of glucose toward the immobilized layer of the redox enzyme (i.e., glucose oxidase). Apart from the HAs/Fe 3+ bilayers, we self-assembled films of HAs/ poly(diallyldimethylammonium chloride) (PDDA) and poly(styrene sulfonate) (PSS)/PDDA onto the sensory device with the intent of investigating the relationship between the permeability of these LBL assembled outer sensor membranes and the magnitude of the electrochemically detected current. Using the flexibility afforded by LBL assembly methodology, we developed these model systems with markedly different microstructures and permeability characteristics, which provide a basic understanding of the system and how to deduce the interdependence between the various electrochemically participating species and their effect on sensor behavior. The diffusion coefficients of glucose and H2O2 through these membrane systems were investigated in order to explain the individual sensor response as it pertains to the microstructure of the outer semipermeable membranes. The hysterisis behavior (defined as the lag in the current response when the glucose level is cycled from lower to higher concentration and back) of these sensors was studied as a function of the permeability of the outer membrane.
Materials and Methods

Materials
Glucose oxidase enzyme (GOX) (E.C. 1. MW 200,000-350,000] were used as received from Aldrich. o-Phenylenediamine was obtained from Acros chemicals. The platinum (Pt) and silver wires were purchased from Ladd Research. A 1-µm glass fiber membrane was purchased from Pall Corporation. Deionized water was produced by a Millipore (Milli-Q) system with resistivity >18 MW and used to prepare all aqueous solutions.
Sensor Fabrication
Miniaturized sensors were fabricated on a 0.3-mm-diameter monofilament nylon line, which served as the backbone. The three electrodes, namely the working, reference, and counter electrodes, were made by skillfully winding the respective wires on the nylon backbone in close proximity to each other.
The working electrode was in the form of a 50-µm Pt wire wound to yield a total surface area of 3 mm 2 . The sensors were cleaned via electrochemical oxidation in a 0.5 M H2SO4 solution. This process of fabricating the devices is a variation of the methodology followed by several researchers. 7, 8 The miniaturized Ag/AgCl reference electrode was fabricated by winding 125-µm-thick silver wire and then converting it to AgCl via galvanometry in a stirred 0.1 M hydrochloric acid solution. Auxiliary (counter) electrodes were made by winding a 50-µm-thick platinum wire on the nylon line similar to that of the working electrode. Next, a film of poly(o-phenylenediamine) was electropolymerized on the Pt working electrode from a 5 mM monomer solution in acetate buffer. 25 While permitting the passage of H2O2 toward the working electrode, this film blocks other physiological substances, such as ascorbic acid, uric acid, and acetaminophen, which are likely to interfere with the operating potential of the sensor. 8 The sensing enzyme is immobilized on the Pt wire by dipping it in a solution of 19.5 mg/ml glucose oxidase and then cross-linking using an acetate-buffered solution of 25% (w/v) glutaraldehyde and 73.2 mg/ml BSA.
The working electrode was then covered with a semipermeable membrane, which was grown via LBL assembly of HAs and Fe 3+ ions. This was accomplished by dip coating the sensor alternately in solutions of HAs and ferric chloride hexahydrate. A 1-mg/ml solution of HAs was prepared in deionized water, and the pH was adjusted to 5 using 0.1 M HCl. Care was taken not to assemble the LBL membrane on the nearby counter and reference electrodes. Prior studies have indicated that the growth characteristics of HA-based films are strongly dependent upon the pH of the solution. 19 The acidic functional groups in HAs are ionized at a pKa of 4-5, and the catecholic functional groups are ionized at a pKa of 8-11. 26 However, at pH values above 5, the HAs attain a planar conformation on the substrate as opposed to a much more compact aggregation at lower pH. Consequently, at higher pH, the film growth rates per dip cycle are considerably slower, thus making a pH of 5 optimum for film assembly. Similarly, a 5-mg/ml solution of ferric chloride was prepared in deionized water and used without any further modification of pH. The sensors were immersed in each solution for 15 minutes and were separated by a wash step in deionized water to remove any weakly bonded species. This process, which is termed a dip cycle, was repeated to assemble bilayers of HAs/Fe 3+ into a membrane and to yield a biosensor (device A). Devices with 2 bilayers of HAs/Fe 3+ are henceforth referred to as "device A2," whereas those with 5 and 10 bilayers of the membrane are referred as "device A5" and "device A10," respectively.
Similarly, devices were also prepared by assembling different semipermeable membranes post enzyme immobilization. One variation was the assembly of HAs/PDDA bilayers (device B), where the sensors were dipped alternately in a 1-mg/ml solution of HAs and a 3-mg/ml solution of PDDA in deionized water, respectively. The pH of HAs was adjusted to 5 as described earlier, whereas the PDDA solution was used without further modification. The devices were dipped in each solution for 15 minutes, separated by a wash step in deionized water. Also, in another variation, device C had PSS/PDDA bilayers self-assembled on top of the enzyme-immobilized sensor by dipping the device in a 2-mg/ml solution of the sodium salt of PSS and a 3-mg/ml solution of PDDA in deionized water, respectively. The solutions were used without any modification to their pH, and the devices were immersed for 15 minutes in each solution, separated by a wash step. As in the earlier case, there was an attraction between the negatively charged ions of PSS and the positively charged ions of PDDA, leading to film growth. 27 Five bilayers of either HAs/PDDA or PSS/ PDDA were self-assembled on the sensors to create "device B5" and "device C5," respectively. Such devices enable us to investigate polycations with neutral pH and may possibly avoid partial enzyme deactivation by the acidic Fe 3+ cations.
22
In Vitro Testing
Amperometry experiments were performed using an electrochemical analyzer made by CH Instruments (Model CHI660A). The sensors, fabricated as described, were tested in vitro by immersing in a stirred PBS solution (pH @ 7.4) maintained at 37ºC and under an applied potential of 0.7 V vs the miniaturized Ag/AgCl reference electrode.
A measured amount of glucose solution in PBS was added to the test cell and its concentration was raised every 200 seconds by adding 0.075 mM glucose. The current was plotted as a function of glucose concentration, and a calibration curve was generated showing the well-reported superlinear response of the sensor over physiological and pathogenic glucose concentrations ranging from hypoglycemia to hyperglycemia.
Diffusion Studies of Glucose and H2O2 Through LBL Assembled Membranes
In order to better understand the influence of the microstructure of these LBL grown semipermeable membranes, the diffusion of glucose and H2O2 was investigated. For this purpose, a dialysis chamber was built to determine the permeability of these two analytes through HAs/Fe 3+ , HAs/PDDA, and PSS/PDDA bilayer membranes assembled on top of glass fiber substrates with an average porosity of 1 µm. For this we assume that the porous glass fiber membrane does not contribute to the resistance and that the flux of the analyte species is through the LBL assembled membranes, which block the pores of the substrate. A diffusion cell equipped with these porous substrates was filled with 2 ml of 1.0 M analyte solution (glucose or H2O2) and immersed in an outer chamber containing 200 ml of 0.1 M PBS solution maintained at 37ºC. The entire cell was stirred at a fixed rate of 190 rpm. The outer diffusion of H2O2 was determined amperometrically on a Pt-working electrode maintained at 0.7 V with respect to an Ag/AgCl reference electrode while a carbon cloth was serving as a counter electrode. In the case of glucose as the diffusing analyte, the GO X enzyme in glutaraldehyde solution was added to the outer PBS system so as to generate H2O2. As the analyte diffuses out from the chamber, the amperometric current was measured at fixed time intervals. The current measured over time was converted to a concentration based on a calibration experiment using the same experimental conditions for known amounts of analytes. The apparent diffusion coefficient (Dp) of the analyte species was calculated based on Equation (1): [28] [29] [30] Equation (1) where NA = (∆m/A∆t) is the flux over the area (A) of the membrane, ∆m is the mass of analyte that diffuses out of the chamber in the time ∆t, L is the thickness of the LBL assembled membranes (determined ellipsometrically by assembling the corresponding LBL films onto quartz substrates 19, 31 ), and [CG]i and [CG]f are the concentrations of the analyte inside and outside of the diffusion chamber, respectively. In the calculation of Dp, we doubled the thickness L to account for membrane growth from both sides of the glass fiber substrate.
Results and Discussion
The chief purpose of the HAs/Fe 3+ bilayer semipermeable membrane is to tune the glucose permeability by varying (Figures 2b-2d ) that the signal decreases by approximately 50 and 60% for devices A5 and A10, respectively, as compared to device A2. As discussed previously, the decrease in the current with increasing thickness of HAs/Fe 3+ bilayers is attributed to the reduced permeation of glucose. Moreover, all three devices exhibit superlinear behavior over the requisite pathogenic and physiological glucose concentrations (2-14 mM). Such a gradual reduction in signal sensitivity at high glucose concentrations could be attributed to (1) the passivation of redox-active sites onto the surface of electrode, which in the case of the Pt electrode have been determined to be Pt(OH)2, 17 and (2) the lack of O2 in the GO X enzyme layer when compared to the increasing glucose concentration. For a given bulk glucose concentration, the presence of a diffusion-limiting HAs/Fe 3+ membrane increases the tortuosity of the path of the glucose molecules toward the sensing enzyme, thus reducing the amount of H2O2 being generated and subsequently sensed. A similar Fickian behavior toward glucose diffusion through HAs/Fe 3+ bilayers was observed in previous studies.
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A subsequent increase or decrease in bulk glucose sets up a new concentration gradient across the membrane and thus brings about a corresponding current change, assuming that H2O2 also diffuses out through such a semipermeable membrane (Figure 1) . This enables the device to function over a range of glucose concentrations while allowing a precise control over its sensitivity by varying the thickness of HAs/Fe 3+ bilayers. (Figures 3a-3c) , the current change at high glucose concentrations (above 12 mM) is greater for HAs/Fe 3+ as compared to the other two. In particular, the ratio of the changes of amperometric currents between 12 and 18 mM glucose (∆I (12-18 mM) ) and between 2 and 18 mM glucose (∆I (2-18 mM) ), expressed as (∆I(12-18 mM)/∆I(2-18 mM)) for the three devices, decreases from 0.133 for A5 to 0.048 and 0.032 for B5 and C5, respectively. Since the plateau is attributed to either H2O2 catalytic site deactivation 17 or O2 imbalance with respect to glucose (at higher glucose concentrations), 15 the trends in the ∆I(12-18 mM)/∆I(2-18 mM) ratios should be traced back to these two effects. Because an excessive amount of H2O2 could be responsible for such saturation behavior at a high glucose concentration, 17 this ratio provides an initial indication of an excessive amount of H2O2 being present in devices B5 and C5 as opposed to device A5 in accordance with their higher amperometric signal. Lower permeability of O2 through these membranes could also lead to decreasing ∆I(12-18 mM)/∆I(2-18 mM) ratios in conjunction with an internal buildup of H2O2.
In order to further elucidate the relative interdependence of the diffusion of electrochemical participating species through these semipermeable membranes, diffusion studies were performed for glucose and H2O2 through these three LBL assembled semipermeable membranes. The close molecular size of O2 and H2O2 has been reported to result in diffusion coefficients of similar or slightly higher magnitude than that of H2O2. As described earlier, a chamber equipped with a semipermeable membrane (composed of a glass fiber support on top of which the respective semipermeable LBL films were assembled) was employed, and the concentration of analyte (i.e., glucose and H2O2) that diffused through the membrane was monitored over time. As reported in Table 1 , diffusion coefficients (Dp) of glucose and H2O2 for five bilayers (assembled on both sides of the glass fiber substrate) were obtained using Equation (1) for all three LBL assembled systems. The diffusion of glucose is nearly 5 and 75 times greater through the HAs/Fe 3+ bilayer membrane as compared to HAs/PDDA and PSS/PDDA, respectively. Similarly, the diffusion of H2O2 was 4 and 48 times greater through the HAs/Fe 3+ bilayer membrane as compared to HAs/PDDA and PSS/PDDA, respectively. As expected, the Dp of glucose is always smaller than that of H2O2 for all membranes, consistent with the smaller molecular size of H2O2 as compared to glucose. The higher diffusion of these analytes through the HAs/Fe 3+ membranes has been attributed to the globular microstructure of HAs. 19 However, PSS/PDDA assemblies have been shown to result in a much more compact assembly, leaving fewer voids for the permeation of analytes, 32 which is consistent with the results shown in Table 1 . Taking into account that H2O2 levels are directly proportional to the current values determined in the sensors as shown in Figure 3 , it can be safely concluded that the highest response of device C5 originates from the poor outer diffusion of H2O2 from the inner GO X layer, as shown in Figure 1 . Similarly, the highest outer diffusion of H2O2 in device A5 is responsible for the lowest current response. Since the inner diffusion of glucose is responsible for the production of H2O2, the ratio of the inner diffusion of glucose to the outer diffusion of H2O2 (Dp(glucose)/Dp(H 2 O 2 )) could provide a rough qualitative measure of the expected response of these devices. These ratios are 0.92, 0.71, and 0.58 for HAs/Fe 3+ , HAs/PDDA, and PSS/PDDA, respectively. While the gradual descending values for these diffusion coefficient ratios are in qualitative agreement with the response of these three devices, the enzyme kinetics responsible for the production of H2O2 should also be accounted for. For this, the relative inner diffusion of O2 with respect to glucose, as well as the outer diffusion of gluconic acid and H2O2, must be considered in order to obtain a more refined analysis of sensor operation. This will be the subject of future research.
These coatings were studied further by subjecting the various devices to reversible testing and checking for possible hysterisis during changes in glucose concentration. In this experiment, the concentration of glucose in the test cell was cycled from a low to a high glucose concentration and back to a low concentration. The resulting representative response is plotted in Figure 4 . An equilibration time of 100 seconds was allowed between successive points. As can be observed, when the glucose concentration was decreased, device A5 showed minimal hysterisis as opposed to devices B5 and C5. The percentage hysterisis at 5.6 mM glucose concentration in the response current (difference in current for a particular concentration during the forward and backward cycle) is 1% for device A5 compared to 6 and 9% for devices B5 and C5. The significant hysterisis for the two latter devices is attributed to the aforementioned ratios of (Dp(glucose)/Dp(H 2 O 2 )), which are 0.92, 0.71, and 0.58 for HAs/Fe 3+ , HAs/PDDA, and PSS/PDDA, respectively. As this ratio deviates from unity, the amount of outer diffusion of H2O2 outweighs the inner diffusion of glucose to create this hysterisis response. An increase in the equilibration time from 100 seconds to higher values is expected to readily eliminate the 1% hysterisis present in device A5, although the same cannot be said for devices B5 and C5, respectively. , HAs/PDDA, and PSS/PDDA. The glucose concentration was increased in PBS (from 2 to 11 mM) and subsequently decreased (from 11 to 4 mM), with an equilibration time of 100 seconds at each concentration.
Conclusions
We have fabricated miniaturized electrochemical sensors and have successfully demonstrated the growth of a calcification-free HAs/Fe 3+ bilayer membrane as a diffusionlimiting barrier for sampling glucose in the bulk. By varying the thickness of the coatings, we can effectively tune the current signal and thus the sensitivity of the device. The HAs/Fe 3+ semipermeable membrane was contrasted with HAs/PDDA and PSS/PDDA membranes of the same number of bilayers and was found to exhibit (1) lower current saturation at hyperglycemic glucose concentrations and (2) minimal hysterisis in current response in cycling from low to high to low glucose concentrations. The superior behavior of HAs/Fe 3+ with respect to HAs/PDDA and PSS/PDDA devices was attributed to a higher and more balanced inner diffusion of glucose versus the outer diffusion of H2O2.
